Metals are essential for the molecular machineries of life, and microbes have evolved a 39 variety of small molecules to acquire, compete for, and utilize metals. Systematic methods 40
mass spectrometry system, this method has the potential to become a key strategy for 48 elucidating and understanding the role of metal-binding molecules in biology. 49 50
Main 51
Life, as we know it, cannot exist without metals. Metals are essential cofactors in 52
important biochemical reactions such as DNA replication and repair (iron and manganese), 53 respiration (iron and copper), photosynthesis (iron and manganese), and biosynthesis of 54 countless primary and secondary metabolites (iron, zinc, vanadium, molybdenum, 55 magnesium, calcium, etc.). One common strategy for metal acquisition in microorganisms is 56 through the production and secretion of small molecule ionophores that bind and form non-57 covalent metal complexes. These complexes bind to specific ionophore receptors for their 58 uptake and release of metal into the cytoplasm. Siderophores are high affinity chelators of 59 ferric iron (Fe 3+ ) and include ferrioxamines (i.e. desferrioxamines B and E) 2-5 , catecholates 60 (i.e. enterobactin) 2-4 , and carboxylates (i.e. rhizoferrin and aerobactin) 2-5 , while chalkophores 61 such as methanobactins and SF2768 (a diisonitrile natural product) play the analogous role 62 in binding cuprous copper (Cu + ) 6,7 , and a number of zincophores have also been recently 63 elucidated [8] [9] [10] [11] . In addition to small molecule ionophores that play a role in microbial metal 64 transport and homeostasis, metals can also serve as cofactors essential for the function of 65 other small molecules. Examples include iron in heme and magnesium in chlorophyll, 66 calcium and magnesium in metal-dependent antibiotics [12] [13] [14] , and cobalt in the vitamin 67 cobalamin (vitamin B12). 68
Although metal-binding small molecules have a variety of biological functions and 69 many potential biomedical applications, it is currently challenging to find metal-binding 70 compounds present in complex mixtures such as microbial culture extracts 15 , dissolved 71 organic matter 16 , or fecal extracts 17 , and it is additionally challenging to assess metal-binding 72 preferences. Predictions of small molecule structures using genome mining strategies have 73
improved tremendously in recent years 18, 19 ; however, it is still not possible to predict the 74 selectivity and affinity of metal coordination sites, and it is even difficult to predict whether a 75 small molecule contains a metal-binding site 20,21 . This is because small molecule metal-76 binding sites are diverse and not conserved; as such, metal binding must be experimentally 77 established. Various analytical methods including inductively coupled plasma mass 78 spectrometry (ICP-MS) 22 , atomic absorption spectroscopy (AAS) 23 , x-ray fluorescence 79 spectroscopy (XRF) 24 , UV-visible (UV-vis) absorption spectroscopy and nuclear magnetic 80 resonance (NMR) spectroscopy in addition to multimodal approaches such as high-81
performance matrix-assisted laser desorption/ionization Fourier transform ion cyclotron 82 resonance imaging mass spectrometry (MALDI FT-ICR IMS) 25 can be used to analyze metal 83 content and/or metal coordination. With each of these methods, it is still difficult to 84 understand which molecules form metal complexes within a biological matrix that contains a 85 pool of candidate metal ions, especially when the identities of metal-binding species are not 86 known ahead of time. To address this shortcoming, we set out to develop a non-targeted 87 liquid chromatography-tandem mass spectrometry (LC-MS/MS) based approach. 88
Screening for metal-binding compounds from complex biological matrices by non-89 targeted LC-MS/MS requires specific conditions to be met. Typical conditions used during 90 sample extraction, preparation, and chromatography for non-targeted mass spectrometry 91 involve low pH and high percentages of organic solvent, which both disfavor metal 92 complexation. Even when a metal-bound species is observed, it commonly elutes at a 93 different retention time than the apo (unbound) species and typically differs significantly in its 94 MS/MS fragmentation behavior than the apo species. This inherent problem of conserving 95 metal-ionophore complexes, in addition to differing retention times and differing gas phase 96 fragmentation behavior (MS/MS) between apo-and metal-bound forms make it difficult to 97 connect these forms to identify a given (metal specific) mass (m/z) offset. In order to 98 overcome these limitations, we developed a two-step native electrospray ionization (ESI) 99 MS/MS workflow, in which post-column metal infusion is coupled with pH adjustment via a 100 double barrel syringe pump (Figure 1a ) to directly detect candidate small molecules that 101 bind to metals. 102
After the implementation of post-column metal infusion that re-forms metal-ionophore 103 complexes, one of the key challenges in developing this method was how to identify these 104 metal-binding complexes within large datasets and/or complex mixtures that typically contain 105 thousands of features. To overcome this limitation, a rule-based informatic workflow called 106 ion identity molecular networking (IIN) was utilized (Figure 1b) . Native ESI metal infusion 107
coupled with IIN has enabled the systematic detection of candidate metal-binding molecules 108
and metal-binding properties in different samples, such as bacterial and fungal culture 109 extracts. 110 111 
Results

116
Proof-of-Principle. Mass spectrometry-based methods for identifying metal-binding 117 compounds using non-targeted metabolomics remain underexplored. We hypothesized that 118 this is partially due to the conditions that disfavor metal coordination associated with sample 119 preparation and separation; specifically, extractions often utilize high percentages of organic 120 solvent, and reversed-phase LC separations are typically performed at low pH. Importantly, 121 these conditions can alter both the configurations and ionization state of the molecules in 122 solution, which can disrupt non-covalent interactions such as metal-binding. 123
To assess whether adjusting pH to physiological values, an approach often applied in 124 intact protein mass spectrometry (native spray) 26-28 , would help with metal-ligand stability 125 and detection, we incubated a series of ionophores with metals in buffered solutions at pH 126 6.8 before direct infusion ESI-MS. Experiments were performed on a panel of siderophores, 127
including ferrichrome (1), enterobactin (2), yersiniabactin (3), and desferrioxamine B (4). 128
Each ionophore was added to a buffered solution at pH 6.8 in the presence or absence of 129 iron(III) chloride salt (Fe 3+ ). Direct infusion ESI-MS of these samples yielded predominantly 130 apo (unbound) peaks in the absence of Fe 3+ (Figure 2a Next, we found that metal binding is selective when a mixture of metal salts at equal 139 ratios, including iron (III) chloride (Fe 3+ ), zinc (II) acetate (Zn 2+ ), and cobalt (II) chloride 140 (Co 2+ ), is added. While the Fe 3+ -bound species is the major form present when this metal 141 mixture is added to ferrichrome (1), schizokinen (5), and desferrioxamine E (6) at pH 6.8, 142
the Zn 2+ -bound species is the major metal-species present when the metal mixture is added 143 to yersiniabactin (3) (SI Figure 2) . It should be noted that a low (and pH dependent) intensity 144 of Fe 3+ , Cu + , and Zn 2+ ions was observed during analysis of the commercial yersiniabactin 145
(3) in the absence of metals. Furthermore, direct infusion of Zn 2+ to yersiniabactin was 146 performed at various pH values -basic pH favors Zn 2+ -coordination 31 , which provided 147 additional rationale for developing a modular LC-MS/MS workflow that could be run at pH 148 6.8. Recent work proposed that different products of the yersiniabactin operon may have 149 multiple roles in biology. First, the yersiniabactin was shown to bind both iron and copper 150 during urinary tract infections 32 ; moreover, the yersiniabactin operon was shown to 151 contribute to zinc acquisition by Yersinia pestis through an unknown mechanism 33 . Based on 152 the above observations and others, we reassessed the yersiniabactin biology using genetic 153 approaches in mouse models 31 . Taken as a whole, these evaluations suggest that native 154 spray metal infusion could be a promising tool for facilitating the direct observation of metal 155 complexes by ESI-MS. 156
Extracts from biological samples, however, are mixtures of hundreds to thousands of 157 molecules; thus, it may not be optimal to analyze them using direct infusion. One strategy to 158
de-complex such extracts is via the use of chromatographic separation. We therefore 159
adapted the pH-adjusted direct infusion experiments to a LC-based workflow via a post-160 column infusion of ammonium hydroxide solution followed by metal salt solution in tandem 161 (Figure 1a) . As metal binding kinetics are fast (on the order of milliseconds 34-37 ), we 162
hypothesized that our set-up would allow for sufficient time to establish metal-ligand 163 complexes after chromatography post pH adjustment and metal infusion, as it takes 0.6 164 seconds to reach the entrance of the electrospray inlet. Additionally, it is possible to delay 165 the entrance to the instrument by lengthening the peek tubing post-metal infusion. Because 166 metal complexes introduce a m/z shift, metal-binding is determined by observing a 167 characteristic m/z delta between peaks corresponding to apo and metal-bound species with 168 a similar chromatographic peak shape and retention time. However, as one LC-MS/MS run 169 of a typical biological sample can contain hundreds to thousands of ion features, searching 170
for the mass shifts associated with small molecule-metal interactions becomes challenging 171 and tedious; based on this, we envisioned utilizing a computational workflow. 172 Assessing specificity and selectivity of post LC-infusion native spray MS in 209 conjunction with IIN. In order to evaluate the computational workflow described above, we 210 made three standard mixtures (corresponding to Figure 3a, b, and c, respectively) with 211 molecules that are commercially available. When the siderophores yersiniabactin (1), 212 vibriobactin (2), enterobactin (3), ferrichrome (7), and rhodotorulic acid (6) were subjected to 213 post-LC pH adjustment and Fe 3+ -infusion, we observe the Fe 3+ -bound adducts of each 214 siderophore; the Fe 3+ -bound siderophore is only observed post Fe 3+ -infusion (Figure 3a) . 215 To assess whether metal-binding exhibits specificity or whether non-specific adducts 216 form after post-LC Fe 3+ -infusion, we added competing molecules -molecules without known 217
Fe 3+ -binding properties -to ferrichrome. We then analyzed this mixture using LC-MS/MS 218 with and without pH adjustment and Fe 3+ -infusion. In this experiment, ferrichrome is the only 219 compound connected with an Fe 3+ -binding edge and no other Fe 3+ -binding to other 220 molecules are observed (Figure 3b) . To further assess the selectivity of the metal binding, 221 four siderophores were subjected to a cocktail of metals (Zn 2+ , Fe 3+ , and Co 2+ ) after 222 chromatography and pH adjustment to 6.8 (Figure 3c) . Using IIN, we searched for Zn 2+ , 223
Fe 3+ , Co 2+ , Na + , K + , and Ca 2+ adducts. This revealed that all the non-ionophore molecules 224
added to the sample did not have any metal adducts, while all the ionophores did. It further 225 revealed specificity by the different ionophores. For example, yersiniabactin (1) preferentially 226 binds divalent metals at this pH, which is consistent with our investigation of yersiniabactin 227 biology 31 in addition to prior studies 32,45 . Rhodotorulic acid (6) exhibits a strong selectivity for 228
Fe 3+ , ferrichrome (7) is less specific, exhibiting both Fe 3+ -and Co 2+ -binding, while 229 vibriobactin (2) shows only Co 2+ -binding. This data suggests that each ionophore has 230 preferences for binding specific metals, otherwise adducts of each of the three metals would 231
have been observed in equal proportions. 232 233
Observing Siderophores in Bacterial Culture Extracts. In order to further assess 234 selectivity in the presence of non-binding compounds found in biology, we tested this 235 workflow on supernatant extracts from Glutamicibacter arilaitensis. JB182 46 . This microbe 236 was previously isolated from cheese and grown here in liquid cheese media. Cheese is an 237
iron-depleted environment, as it contains lactoferrin, an iron-binding protein that sequesters 238 free iron 48 . Siderophore production was predicted based on genomic data mining using 239 antiSMASH 4.0 47 . From the genome, antiSMASH 47 predicted the presence of biosynthetic 240 gene clusters for ferrioxamine B and fuscachelin with 50% and 44% similarity, respectively. 241
Using the native metal metabolomics method developed here, both apo-desferrioxamine E 242 (DFE) and the Fe 3+ -bound ferrioxamine E were observed from culture extracts and were 243 connected by an Fe 3+ -binding IIN edge. DFE was annotated as a spectral match provided 244 via molecular networking in GNPS 41,42 . Strikingly, DFE was the only Fe 3+ -binding connection 245 observed using IIN (Figure 4a) ; this important observation illustrates the specificity of Fe 3+ -246 binding during the post-LC infusion as Fe 3+ binds only one specific molecule and none of the 247 other molecules detected in this complex biological sample (Figure 4b-e ).
248
Based on the selectivity experiments with commercially available yersiniabactin, we 249
were also interested in further investigating an organism that produces yersiniabactin in 250 addition to other siderophores in culture. The probiotic Escherichia coli strain Nissle 1917 (E. 251
coli Nissle, serotype O6:K5:H1) is known to produce yersiniabactin 49 , and we hypothesized 252 that we could use the native spray strategy to observe ionophore metal-binding from an E. 253
coli Nissle supernatant extract grown in M9 glucose minimal medium. We therefore ran the 254 extract with and without metal infusion and found a number of iron binding molecules using 255 IIN (Figure 5a and SI Figure 4) . From this culture we detected yersiniabactin, aerobactin, 256
and HPTzTn-COOH 50 , a truncated derivative of yersiniabactin, and each corresponding 257
Fe 3+ -complex (Figure 5b-d) . IIN suggests a number of additional yersiniabactin (Figure 5b  258 and c) and aerobactin (Figure 5d ) derivatives that also bind iron. Using SIRIUS 4.0 1 259 revealed molecular formulas, suggesting at least fifteen additional siderophores are present 260 in this culture extract. These siderophores that co-network are structurally related to the 261 three known siderophores and their predicted molecular formulas are tabulated in Table 1a . 262 This is consistent with the observation that many natural product gene clusters make many 263 related molecules 51 connected through an Fe 3+ -binding IIN edge (Figure 5e) . We additionally identified a number 301 of structurally related derivatives in the same molecular family that bind iron (Figure 5f) . As 302
in the E. coli Nissle example, we used SIRIUS 4.0 1 to elucidate molecular formulas and have 303 putatively annotated six structurally related novel siderophores, again underscoring the 304 potential of this method for discovery. These siderophores are tabulated in Table 1b . 305 306 307 308 Figure 5 . Native spray metal metabolomics is used to identify known and novel siderophores in bacterial and fungal culture extracts. (a) A number of siderophores are observed in E. coli Nissle culture extracts when a post-LC infusion of Fe 3+ and post-pH adjustment is performed. Singletons have been removed from this network. A number of (b) yersiniabactin (2a) derivatives, including (c) the truncated biosynthetic intermediate of yersiniabactin, HPTzTn (3a), in addition to (h) aerobactin (4a) derivatives are identified using native metal metabolomics. These derivatives are tabulated in Table 1a . (e) A number of siderophores are also observed in Eutypa lata culture extracts when a post-LC infusion of Fe 3+ and base are performed, (f) corresponding to a number of coprogen B (1) and hydroxydimethyl coprogen B (6) derivatives (2-5, 7-8), which are tabulated in Table 1b . Table 1 . Iron-binding derivatives identified in E. coli Nissle (a) and Eutypa lata (b) cultures have been tabulated above. The molecular (mol.) formula corresponds to the formula with the top score assigned in SIRIUS 4.0
